Background: Body mass index (BMI) cut-offs associated with increased risk of diabetes and cardiovascular disease differ between European and Asian populations, and among Asian populations. Within-population and ethnic variability in body shape has likewise been linked with variability in cardiovascular risk in western settings. Objectives: To explore differences between Thai and White UK adults in body shape and its associations with height, age and BMI. Methods: Data on weight and body shape by 3-D photonic scanning from National Sizing Surveys of UK (3542 men, 4130 women) and Thai (5889 men, 6499 women) adults aged 16-90 years, using a common protocol and methodology, were analysed. Results: Thai adults in both sexes had significantly smaller body girths than UK adults after adjusting for age and height. Matching for BMI, and adjusting for height and age, Thais in both sexes tended to have similar or greater limb girths, but significantly smaller torso girths (especially waist and hip) than UK individuals. These results were replicated within narrow BMI bands at B20 and B25 kg m À2 . Shape-age associations also differed between the populations. Discussion: Young Thai adults have a significantly slighter physique than White UK adults, with a less central distribution of body weight. However these differences reduce with age, especially in males. The 3-D photonic scanning provides detailed digital anthropometric data capable of monitoring between-and within-individual shape variability. The technology merits further application to investigate whether variability in body shape is more sensitive to metabolic risk than BMI within and between-populations.
Introduction
The distribution of body fat is increasingly associated with risk of the metabolic syndrome and cardiovascular disease. Recent research has emphasised both adverse effects of central abdominal adipose tissue, 1, 2 and protective beneficial effects of peripheral adipose tissue in the hip and thigh. 3, 4 However, measurements of adipose tissue distribution are generally restricted to specialised imaging techniques, such as dual energy X-ray absorptiometry, magnetic resonance imaging or computed tomography scanning. Such information is available from specialised research centres for small sample sizes, but is rarely available in larger populations encompassing a wide range of population variability. At a simpler level, anthropometric information on body shape has proven very valuable in indexing body fat distribution. Waist girth has long been used as a proxy for central abdominal fat, [5] [6] [7] while waist-hip and waist-height ratios are also used to assess relative abdominal adiposity. 8 Some studies have used alternative indices to abdominal girths, such as the sagittal diameter. 2, 7 In a large study of several thousand adults, waist girth was found to be a substantially more sensitive predictor of cardiovascular mortality than body mass index (BMI). 1 These studies demonstrate that body shape anthropometry can have a valuable role in researching and monitoring cardiovascular risk. However, manual measurements are too time-consuming for detailed shape assessment in large numbers. Within the last decade, a more sophisticated approach to assessing body shape has been developed, in the form of 3-D photonic scanning. [9] [10] [11] [12] This technology uses a series of cameras surrounding the body to capture information on body surface topography. Computer algorithms can then be used to reconstruct a variety of body shape indices, including not only girths and linear dimensions, but also crosssectional areas. 13 This technology may be particularly valuable for researching ethnic variability in disease risk, as ethnic variability in physique and fatness is increasingly implicated in differential metabolic risk. [14] [15] [16] A number of studies have shown that holding BMI constant, South Asian individuals in the United States or United Kingdom tend to have higher levels of total and increased abdominal fat than Europeans. [17] [18] [19] This increased adiposity is then associated with insulin resistance and metabolic risk. 20 However, studies focusing on ethnic Body shape may have a key role in accounting for population variability in metabolic risk for a given BMI level, however, few studies have so far investigated associations between shape and risk independent of BMI. An innovative study of Taiwan adults showed that a new 'health index' based on photonic measurements of abdominal shape was a better predictor of cardiovascular risk than BMI or waist hip ratio. 27 More broadly, the dimensions in which ethnic groups differ in body shape are still being established. We therefore investigated body shape variability in two large sizing surveys, using a common 3-D photonic scanning protocol. We compared the body shape of Thais with that of White UK adults, to identify differences in physique independent of body size and BMI, and possible differential effects of sex and age on inter-population shape variability.
Methods
National sizing surveys were conducted in the United Kingdom in 2001-2002 (ref. 28) , and in Thailand in 2008. Both surveys used the same photonic scanning protocol, and a similar sampling procedure intended to ensure adequate recruitment of both males and females across a series of age bands, in a variety geographical locations in each country, and across a representative range of socio-economic status. Participants in each survey provided written informed consent and agreed to allow the use of their anonymised data in statistical analyses. Ethical approval of the study protocol was granted by the Ethics Committee of Great Ormond Hospital National Health Service Trust and the Institute of Child Health, London.
In each survey, cell sizes were calculated to estimate mean height in each cell with a 95% confidence interval of 1 cm, equivalent to a standard error of 0.5 cm. With a minimum cell size of 188 and adjustment for geographical areas and age categories, the total minimal sample size for each sex was calculated to be 3948. The survey was designed to recruit a minimum number of each sex within the following age cells: 16-25, 26-35, 36-45, 46-59 and 60 þ years.
The UK survey was conducted using three body scanners moved sequentially between eight other locations (Birmingham, Cardiff, Edinburgh, Leeds, London, Manchester, Nottingham and Southampton). The Thai survey was conducted using a single body scanner, moved sequentially between five regions of the country (Bangkok, North, South, North-eastern and Central).
Participation in each survey involved undergoing selected manual measurements, a 3-D photonic scan and responding to questions on lifestyle and personal profile. For the body scan, subjects wore tight-fitting underwear and adopted a standardised position, using stabilising handholds to maintain the correct body position. The scanner was a (TC) 2 model ((TC) 2 , Cary, NC, USA; www.tc2.com), which projects strips of safe 'white light' (in the visible part of the electromagnetic spectrum) on to the body form, and records distortions using six non-moving cameras over a period of 6 s. The software used was (TC) 2 Body Measurement System Software version 5.3 ((TC)   2 , Cary, NC, USA). Skin surface topography was reconstructed from the raw point cloud of photonic data using computer algorithms. For a more detailed description of this process, see elsewhere. 29, 30 Technical precision of all measurements was within 0.5 cm. The software automatically extracts over 130 measurements from each scan. Measurements used in this analysis comprised manual measurements of weight (Tanita instrumentation) and height (Kro-tron SKS-2001 SM/H freestanding stadiometer; Bangkok, Thailand), and 3-D measurements (Tokyo, Japan) of the girths of the mid-upper arm, chest, bust (women), waist, hips, mid-thigh and calf. For limbs, data from the right side of the body were used. Waist-hip ratio (WHR) and waist-thigh ratio were calculated. Previous validation studies have shown high correlations between manual and 3-D measurements (rX0.96) for waist and hip, but positive biases of the 3-D outcomes. 28 The manual data were collected by trained anthropometrists. Precision is slightly higher for 3D compared with manual measurements, however, absolute outcomes differ systematically between the methods because of differences in measuring style (manual measurements press slightly on the skin, whereas photonic methods do not) and because 3D and manual methods fail to achieve complete agreement concerning the anatomical location of the measurement. Despite such systematic differences between methods, the The 3-D photonic scanning JCK Wells et al correlations indicate excellent consistency in ranking between methods, and the disagreement can be attributed to error in both approaches. Most importantly for our analyses, we have compared two populations using common 3D instrumentation and software, hence any differences we identify are unlikely to be an artefact of any inaccuracy in the 3D technology.
Statistics and graphic analysis
First, the proportion of obesity was compared between the populations. To use a common protocol, analyses described below used cut-offs of 20 kg m À2 for the lower threshold of normal weight, 25 kg m À2 for overweight, and 30 kg m À2 for obese. However, in view of the different cut-offs proposed for Asians, 26 we also provide the proportions of overweight and obese in the Thai sample using cut-offs of 23 kg m À2 for overweight and 27 kg m À2 for obese.
Shape was then compared between Thai and UK individuals. General linear models were also used to calculate the mean difference between Thai and UK individuals and its standard error, adjusting for age and height, for each sex (model 1). These models were further adjusted for body weight (model 2). To ascertain the differences in body shape at given BMI levels, further analyses were conducted on those with BMI of B20 (incorporating those with BMI between 19.50 and 20.49 kg m ). Adjusting for age and height, general linear models were used to ascertain between-population differences in shape in these BMI groups.
Second, the effect of age on shape was compared between the populations. The WHR was plotted against age category in each population. In each population, general linear models were used to determine the sex-specific associations of body weight and shape outcomes with age, adjusting for height.
Finally, multiple regression analysis was used to investigate the association of shape and height, adjusting for age. The aim of these analyses was to identify which parameters of shape were positively associated with height, and which negatively. As almost all P-values were o0.0001, because of the large sample sizes, comparison of P-values would not identify which were the strongest associations, and t-values were therefore provided in the tables instead.
Results
A total of 7672 White UK (3542 male, 4130 female) and 12 388 Thai (5889 male, 6499 female) individuals had appropriate data for the analysis. Table 1 presents unadjusted data on age, anthropometry, shape and the prevalences of overweight and obesity. Mean age of both populations in each sex was close to 40 years. In both populations, men were significantly larger than women for weight and most girths, but not BMI, hip and thigh. In both sexes, Thai individuals had smaller measurements than their UK counterparts. Using common cut-offs of 25 and 30 kg m À2 for overweight and obesity respectively, a greater proportion of UK individuals were overweight than their Thai counterparts, and the same was true for obesity. Using the Asiaspecific obesity cut-offs of 23 kg m À2 for overweight and 27 kg m À2 for obesity in the Thai samples, the proportions overweight were 38.6 and 30.2% in males and females, respectively, and the proportions obese were 19.1 and 15.3% in males and females, respectively. Table 2 presents results for population differences in weight and shape between Thai and UK individuals, . In each case, between-population differences in shape in these BMI groups could only be compared after adjusting for age and height, because despite being matched for BMI, the Thai individuals were shorter and older than UK individuals at each of these BMI levels. Figure 1 shows the population differences by body region in men, at each BMI level. Thai men had significantly reduced mean chest, waist and hip girths, but greater mean arm girth, than the UK men at both BMI levels. The mean Thai thigh girth was significantly reduced at BMI 20 kg m Table 3 presents results for associations between weight or shape and age from the general linear model, adjusting for height. In men, age was significantly associated with greater measurements in all cases except thigh, which had a significant negative association in both populations, and arm, which had no significant age-association in the UK men. In women, age was associated with greater girths in all cases, except the thigh in the White UK women where no association was apparent. Age-effects in individual measurements tended to be marginally greater in Thai than UK individuals, but with this effect more pronounced for waist girth in males. Figure 3 shows the association of age with WHR by population. The population differences were greater at younger ages, and reduced with age, particularly in men. Table 4 presents results from regressions of height on body girths. Broadly, height is positively associated with knee, hip and chest girths, and negatively associated with thigh, waist and bust girths. Effects for the arm were inconsistent between Thai and UK individuals, and were generally weak, and not significant in UK men. Whereas negative associations of height and waist were strong in males in both populations, they were much weaker in females, and did not achieve significance in UK females.
Discussion
This analysis has extended previous research on ethnic variability in body shape, by showing that Thai individuals have slighter overall physique than White UK individuals, but also a relatively less central weight distribution once The 3-D photonic scanning JCK Wells et al adjustment is made for their lower body weight and height, or for their lower BMI. However, these differences are greatest in early adulthood, and reduce substantially with age, particularly in males. Our analyses also show how height tends to be positively associated with some components of shape (knee, chest and hip), and negatively associated with others (thigh, waist and bust), though to different degrees in the two populations and sexes. Thus, the distribution of body weight is strongly associated with height in each population, and in males, but not females, stunting appears to be associated with central obesity risk. ), but significantly reduced torso circumferences, with these reductions being greatest for the waist and hip, and the bust in females. We speculate that these shape differences within given BMI categories may prove important for accounting for population differences in disease risk. Thus, the relatively less central weight distribution of Thais was apparent not just on average, but across this range of BMI.
Although other Asian populations have been reported to have greater visceral fat for a given BMI or waist girth, [17] [18] [19] in absolute terms the Thais in this study had relatively less weight in the torso than UK individuals. In this survey there were no data on metabolic phenotype, hence, we are unable to assess the consequences of this difference in weight distribution. However, levels of the metabolic syndrome in office workers and professionals in Bangkok have been found to be similar to those in other industrialised countries. 31 This latter study showed that prevalence of the metabolic syndrome is greater in Thai men than women, and in older individuals, a disease pattern that is broadly consistent with our WHR data in Figure 3 . Lower BMI cut-offs for screening for the metabolic syndrome have been proposed for Asians in general, 26 with this approach supported for the Thai population because the conventional obesity cut-off of 30 kg m À2 underestimates the prevalence of the metabolic syndrome. 32 However, Asian populations differ amongst themselves in the BMI cut-off that identifies elevated risk of diabetes and cardiovascular disease. The ethnic variability in physique independent of BMI that we identify might contribute to such population inconsistency. For example, we previously observed that ethnic differences in body shape had notable similarity with ethnic variability in prevalence of the metabolic syndrome in White, African-and Hispanic Americans. 33 Thus, we believe that 3D scanning merits further attention in clinical research, to ascertain whether it is more sensitive than BMI and waist or WHR to within-and between-population variability in cardiovascular risk. The only such study to date, based on 1204 adults from Taiwan, offered very promising results 27 and led to use of the 3-D scanner for screening for the metabolic syndrome in the same population. Thai and UK men and women. Thai men had markedly lower WHR than UK men at younger ages, but converged on the UK value by old age. A similar pattern, though not so marked, was evident in women. All between-country differences significant except age categories 4 and 5 in men, and 6 in women. The key advantage of this photonic technique lies in its capacity to assess an individual's weight distribution relative to overall physique, and hence potentially increase the sensitivity of identifying high central adiposity. To this end, our data indicate the importance of taking height into account in such analyses, and further identify knee, hip and chest as three components of physique positively correlated with height, relative to which other girths may be expressed to evaluate adiposity. This approach is supported by previous work likewise differentially linking particular body girths with physique versus total or central adiposity. 34 The strengths of the current study comprise the large sample sizes and the common sizing survey protocol in each population. The limitations include the fact that the data are cross-sectional, and do not show how individuals change in shape across the life-course. Furthermore, although data on socio-economic status were collected in each population, it was not possible to adjust the between-population comparison for this variable, because of differences in the way in which socio-economic status is assessed and interpreted. However, as both surveys successfully recruited across the whole range of social status, this limitation is unlikely to have introduced major bias.
In conclusion, our study has demonstrated significant variability in the distribution of body weight between Thai and White UK adults, independent of both height and BMI. Such physique differences may prove important in accounting for differences between Europeans and Asians, and between specific Asian populations, in the association of BMI and risk of the metabolic syndrome. The 3-D scanning may potentially prove valuable as a methodology for screening, through its capacity to take such physique variability into account, and merits evaluation in this context, both in relation to within-country ethnic variability, and between-country variability. The 3-D photonic scanning JCK Wells et al
